This study examines future changes of cold air outbreaks (CAO) using a multi-model ensemble of global 9 climate simulations from the Coupled Model Intercomparison Project Phase 5 as well as regional high 10 resolution climate simulations. Overall, climate models agree on a dip in the duration of CAOs across 11
the mean warming, but the decrease in temperature standard deviation contributes to as much as a 20% 17 reduction of CAO over a broad region extending from Alaska to northeastern U.S. and eastern Canada 18 possibly due to the Arctic amplification that weakens the meridional temperature gradient and the 19 weakening of storm track from Alaska to western North Atlantic. Further analysis of future CAO and 20 temperature PDF changes shows that changes in skewness can reduce CAO in western and northeastern 21 U.S. with winter snow cover by up to 10%. A thermodynamical modulation of the skewness called the '0 22 o C mode' effect is found to operate prominently along the 0 o C isotherm hemispherically. The same effect 23 over the Arctic sea ice produces a manifold increase in CAO events detected using the future threshold. 24
The change of skewness is also modulated dynamically through an increased frequency in atmospheric 25 blocking that increases CAO duration in Alaska and the Arctic by a factor 10 using the future threshold. 26
High resolution regional simulations revealed more contributions of existing snowpack to CAO in the 27 near future over the Rocky Mountain, southwestern U.S., and Great Lakes areas through surface albedo 28 effects, despite winter mean snow water equivalent decreases in the future. Overall, the multi-model 29 projections emphasize that cold extremes do not completely disappear in a warming climate. Concomitant 30 with the relatively smaller reduction in CAO events in northwestern U.S., the top 5 most extreme CAO 31
Introduction 38
Extensive studies including those summarized in the IPCC Fourth Assessment Report (AR4) [1] have 39 indicated a high probability for longer duration and more frequent heat wave as a result of increasing 40 greenhouse gases projected for the future [2] [3] [4] [5] [6] [7] . At the same time, cold extremes may not vanish, and they 41 may cause more deaths than extreme heat. Keatinge [8] showed that in Britain, an average temperature 42 increase of 2°C may lead to 2000 more heat related mortality, but reduce cold related mortality by about 43 20,000. Besides mortality, the extreme cold air outbreak in 1983 and 1985 destroyed a majority of citrus 44 trees in Florida that resulted in about $3 billion in economic losses in each event [9, 10] . 45
Cold air outbreak (CAO) has been attributed to atmospheric dynamics and large scale circulation 46 anomalies associated with the North Atlantic Oscillation (NAO) and the Pacific-North American (PNA) 47 teleconnection pattern during El Niño-Southern Oscillation (ENSO) events. In the negative phase of 48 NAO, weaker zonal circulation could increase the chance of cold outbreaks over almost the entire 49 northern hemisphere, including the U.S., Europe and Asia [11, 12] . On the other hand, the onset of CAO 50 over the eastern U.S. is found to be accompanied by the development of the positive phase of the PNA 51
[10], while the warm phase of ENSO may suppress extreme cold events throughout a major part of 52 northern North America [13] . 53 be used to further discern the contributions from the std and higher moment to CAO changes in the future. 130
As will be shown later, this is a particular challenge in the high latitudes and polar region where warming 131 is amplified. Nevertheless, evaluating the different moments of the temperature PDF is meaningful as 132 climate change can influence CAO through profound changes of these properties, as detailed in Sections 133
and 4.2. 134
Because of the caveat discussed above, the effect of skewness and higher moments on CAO 135 changes is further elucidated using an alternative approach that defines CAO in the future scenarios using 136 thresholds ( -2σ) derived from the future climate. We refer the CAO detected using these future 137 thresholds as 'warm world' CAO events, although these events are still very cold in the high latitudes and 138 polar region. Comparing the warm world CAO events detected from the second pseudo warming 139 scenario, which has the same mean temperature and std as the simulated future climate scenario, with the 140 warm world CAO events from the simulated future climate scenario, we can attribute CAO changes to 141 changing skewness and higher moments in the future climates. This method is used in Section 4.2 to 142 study the changes of skewness and their contributions to CAO changes in the future. 143 144 The mean winter CAO durations are shown in Figure 1 and the number of CAO events per winter 158 is shown in Figure S1 in the supporting information. Overall, the spatial distributions from the CMIP5 159 ensemble mean and CCSM4 and WRF are consistent with the observations, showing two large areas with 160 CAO occurrences. A swath of high CAO frequency stretches from southwestern Canada, northwestern 161 U.S. to the mid-western U.S., with mean cold air outbreak duration of 4 to 5 days per winter. As will be 162 shown later, these areas with high CAO frequency have a strong correspondence with large negativeskewness in the temperature PDF. between the future and present climate. Similar conclusion was also reached by de Vries et al (2012) for 212 the change of cold spells over western Europe in the CMIP5 future warming simulations. 213
Model evaluation
It is reaffirming to note that the CAO change pattern in Figure 2f conforms well with the 214 corresponding pattern of temperature std reduction (see Figure S3b ). In particular, wherever there is a 215 reduction of CAO due to std changes, the std of temperature itself is also reduced in the same areas. The 216 influence of climate warming on the std of surface temperature has been well established and linked to the 217 reduction of the local temperature gradient (e.g., [18, 35] ). Figure S3a We pick two spots representative of the two categories discussed above to investigate the 283 skewness changes. For the first category, we choose an area north of Alaska between the Beaufort Sea 284 PDF progressively shifted towards 0 °C at the end of the 21st century under RCP 8.5. For the RCP 4.5 287 scenario, the PDF ends up with a bimodal distribution with a new peak formed near 0 °C. Thus the 288 increasingly larger negative skewness is a result of the dramatic increase in the frequency of daily 289 temperature near 0 o C and the limited shift above the melting point in the future. As sea ice is gradually 290 warmed to near 0 o C in the course of this century, additional energy that is needed to melt the sea ice 291 dampens the warming rate, causing an accumulation of occurrences of daily temperature or stagnation of 292 the mode near the melting point. This '0 o C mode' effect is apparent in Figure 4a for all future scenarios. 293 Figure 4b shows the shifted PDF (red dashed line) from the first pseudo warming scenario, the rescaled 294 PDF (purple dashed line) from the second pseudo warming scenario with mean warming and changes of 295 std, and the simulated future scenario (red solid line) in the 2090s for RCP 8.5. It shows clearly the stark 296 contrast in PDF shape caused by the change in skewness compared to the shifted and rescaled PDFs, 297
contributing to the large increase in 'warm world' CAO events depicted in Figure 3d over the Arctic. 298
For the second category of skewness change, we pick a box (blue box in Figure 3c towards positive in a much warmer scenario where winter snow cover is abated. This is more apparent in 306 Figure 4d that compares the shifted and rescaled present-day PDF against the future PDF. As warming 307 continues in areas that are snow free, while snow-covered areas that remain anchor the mode near 0 o C, 308 the future PDF has a broadened peak, and positive skewness develops. Hence, similar to sea ice, melting 309 of snow has a thermodynamical modulating effect on the shape of the PDF that results in changes in 310 temperature skewness, but the changes can be positive or negative depending on the rate of warming and 311 the extent of sea ice and snow cover simulated by the models. Interestingly, the 0 °C isotherm of the 312 climatological mean temperature nicely demarcates the area where the '0 o C mode' effect operates, and it 313 meanders right through the center of the reduction of negative skewness over the U.S. and central Europe 314
in Figure 3c . Similar good correspondence with the 0 o C isotherm also holds for CAO changes in Figure  315 3d. 316 It is well known that extreme cold events during winter are related to the strong advection by 327 circulation regimes [37] , such as blocking. It is conceivable that some of the changes in the CAO, 328 especially those accompanying the skewness change, are related to the changing statistics of blockings. 329
To test this, we plot the present-day frequency of blockings and its change under 
Effect of snow water equivalent on CAO duration from WRF-CLM results 347
The above analysis indicates that large-scale circulation, i.e., atmospheric blocking is closely related to 348 the change of CAO. Furthermore, the '0 o C mode' effect appears to provide strong thermodynamical 349 modulations of temperature skewness and CAO changes in areas with sea ice and snow cover. Snow 350 cover has a strong cooling effect on surface air temperature due to its high albedo 
447
We compare historical CAO events using daily mean, minimum and maximum WCT derived 448 from three hourly WCT, and compared with the CAO determined using daily average temperature, shown 449 in Figure S6 in the supporting information. The CAOs determined by these four metrics have similarspatial distribution and magnitude. Comparing the future changes in CAOs, the four metrics again 451 provide similar spatial distribution of changes (not shown). Since WCT is closely related to wind speed, 452 the changes of wind speed in the future are also evaluated. The winter mean wind speed tends to decrease 453 in North America ( Figure S7 ). However, focusing on the days of the CAO events, there are larger areas 454
showing increase of wind speed ( Figure S8 ). In particular, wind speed near the Great Lakes could 455 increase on average by as much as 1 m/s (3.6 km/h), which corresponds to almost 1°C decrease in WCT.
456
Wind chill warning occurs when WCT is low enough to be life threatening. There is no universal 457 threshold to determine wind chill warning. In this study, we use the thresholds from Environment 458 future due to climate warming with the magnitudes of decrease differ by locations. In particular, over 475 northwestern U.S., the decrease is relatively smaller than other areas. In addition to the mean warming, 476 the changes of CAO are highly related to the decrease of standard deviation and changes of skewness. By 477 decomposing the changes of the PDF of daily surface temperature into changes due to mean warming, 478 changes in standard deviation, and changes in skewness and higher order moments, the contributions of 479 each factor to CAO changes in the future are quantified. Combining the decomposition analysis with 480 analysis of future CAO detected using thresholds defined by the future climate that we called 'warm 481
world' CAO, and analysis of PDF changes in two locations with sea ice and snow cover, we further 482 examined the changes in skewness and the modulations by dynamical and thermodynamical processes. 483
The decomposition analysis shows that CAO duration changes in the future can be largely 484 respectively. We identified a thermodynamical modulation of the skewness from additional energy 493 needed to melt the snowpack that we called the '0 o C mode' effect that operates prominently along the 0 494 o C isotherm hemispherically. The same effect over the Arctic sea ice produces a manifold increase in 495 CAO events detected using the future threshold. The change of skewness is also modulated dynamically 496 through changes in atmospheric blocking, which affects CAO in regions such as Alaska. In particular, the 497 dipole change pattern (increase north of Alaska and decrease south of Alaska) of atmospheric blocking 498 frequency has a counterpart of dipole change in skewness over the same region. The increased frequency 499 of atmospheric blocking over Alaska and the Arctic could result in 10 times increase in 'warm world' 500
CAO duration. 501
Taking advantage of our high resolution regional climate simulation, we further investigated the 502 effect of snow cover on CAO changes in the U.S. In the future, while the winter mean snow water 503 equivalent shows predominate decreasing trends, we found the likelihood for CAO to be enhanced by 504 increased antecedent SWE during the onset of cold air outbreaks. This demonstrates that future CAO 505 events are more likely to occur on days with existing SWE in the Rocky Mountains, southwestern U.S.the resulting reduction in surface temperature could be critical for the warmer future cold air masses to 508 cross the thresholds of CAO. 509
Using three hourly data, we also evaluated potential changes in wind chill warning. We found over 510 western Canada and northwestern U.S. with smaller decrease of CAO days, the decrease of wind chill 511 warning days is also concomitantly smaller than the surrounding areas. In addition, the top 5 coldest 512 events simulated in the present climate are projected to occur a few times particularly over western 513
Canada and northwestern United States. Overall, our results from multi-models emphasize that cold 514 extremes do not completely disappear in a warmer climate. Depending on the future emission scenarios 515 and time period, cold air outbreaks and the associated societal effects may continue to be an important 516 issue for policy makers. 
